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Crystal engineering focusing on intermolecular
CH–p interactions in the 1,4-distyrylbenzene
backbone for organic crystal laser media

Takumi Matsuo, *ab Daisuke Furusho,c Shinsuke Inagic and Shotaro Hayashi *ab

Single-crystals composed of organic p-conjugated molecules with high solid-state luminescence are

promising candidates for laser media. Among them, trans,trans-1,4-distyrylbenzene (DSB) derivatives are

particularly attractive due to their high photoluminescence and are frequently employed in systems of

laser media and amplified spontaneous emissions (ASE). Although numerous DSB derivatives have been

designed for single-crystal laser applications, achieving high solid-state luminescence remains

challenging because of the difficulty in predicting and controlling aggregation motifs. We report herein a

chemical structure design strategy based on fluorination of DSBs to achieve ASE. The fluorination at the

central phenylene of DSB effectively inhibited intermolecular CH–p interactions. In contrast, the fluori-

nation at the a- or b-position in the vinylene unit did not suppress such interactions, resulting in CH–p

interaction-driven herringbone packing. The fluorinated DSBs exhibiting herringbone packing in the

crystal-state demonstrate ASE due to the high luminescence performance based on the small

intermolecular overlapping of their p-orbitals.

Introduction

Organic p-conjugated molecules have been paid significant
attention in recent years due to their facile HOMO–LUMO level
tunability and the ability to modulate their optoelectronic prop-
erties. Among them, organic single-crystals (OSCs) exhibit super-
ior performance in luminescence and charge carrier transport
owing to their highly ordered and large-scale molecular align-
ment. Based on this alignment, OSCs with high luminescence
efficiency are promising materials for the development of photo-
nic integrated circuits (PICs), incorporating the functionalities
such as lasers or amplified spontaneous emitters (ASEs),1–12

optical cavities,13,14 and optical waveguides.15–26

To realize these photonic functionalities, p-conjugated
molecules with high solid-state luminescence performance
have been extensively developed. In particular, the molecules
exhibiting aggregation-induced emission (AIE) or aggregation-
induced enhanced emission (AIEE) are considered promising
candidates for use in OSC-based photonic applications. A wide
variety of AIE- and AIEE-active molecules have been reported to

date. Among them, p-conjugated molecular structures consist-
ing of alternating phenylene and vinylene units such as trans-
trans-1,4-distyrylbenzenes (DSBs) have been widely utilized as
representative frameworks.27–30 DSB derivatives with high
photoluminescence (PL) performance have been actively stu-
died and developed for OSC laser applications.2

Among the various applications of OSC photonics, the
development of OSC lasers remains particularly challenging
due to the stringent requirements for high solid-state lumines-
cence efficiency and stability. Despite significant efforts, a
rational molecular design strategy for OSC laser materials has
not yet been established, primarily due to the difficulty in
controlling the aggregation motif. In recent years, the relation-
ship between aggregation motifs and laser performance has
been increasingly studied.2 However, effective molecular design
strategies to translate into laser-active materials remain lim-
ited. Although the electronic energy levels of p-conjugated
molecules can be readily modulated through synthetic substi-
tutions, the resulting molecular conformation and packing
motifs in the crystal can be unpredictably altered due to
complex intra- or intermolecular interactions or unexpected
steric hindrance introduced substituents.

Among various types of substituents, halogen atoms are
smaller than other commonly used substituents in p-
conjugated molecules for optoelectronic applications such as
methyl, methoxy, or cyano-groups. This compact property of
halogen atoms helps minimize the risk of unexpected steric
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hindrance in the aggregation motif. Among them, the fluorine
atom is the lightest halogen atom, which reduces the potenti-
ality of the heavy atom effect and thus helps preserve lumines-
cence efficiency. In recent years, fluorination of p-conjugated
molecules has been employed to enhance their optoelectronic
properties. Fluorinated p-conjugated molecules have demon-
strated high photoluminescence efficiency and efficient charge
carrier transportation.31–35 Despite these advantages, laser
media applications of fluorinated p-conjugated molecules
remain largely unexplored.

To elucidate the relationship between the chemical struc-
ture, crystal structure, and luminescence performance, it is
ideal to use a simplified molecular framework. Herein, we
propose a rational crystal engineering strategy based on the
fluorination on one of the most commonly used AIEE back-
bones; DSBs, for the discovery of efficient OSC laser media. We
found that the position of the fluorination has a significant
impact on the aggregation motif, as well as on the lumines-
cence and the ASE performance. DSB consists of three pheny-
lene units and two vinylene linkers. Fluorination on the central
phenylene unit strongly suppresses intermolecular CH–p inter-
actions, resulting in a p-stacked aggregation motif. In contrast,
fluorination at the vinylene units preserves intermolecular CH–
p interactions, leading to the herringbone packing structures.
The design strategy of this study is illustrated in Fig. 1.

Results and discussion

Molecules 1, 2, and 3 were synthesized following the
literature.30 Crystals of 1 and 2 were obtained via a solution
process. To obtain the crystals, dichloromethane solution of 1
or 2 was evaporated in a fume hood. Fig. 2 shows the PL and its
excitation (PLE) spectra measured for each crystal (PL: red, PLE:
blue). Fig. 2a–c show the spectra measured for crystals of 1, 2,
and 3, respectively. Each crystal exhibited a blue or greenish
blue luminescent colour. Each crystal exhibited spectra with
vibronic transitions, which indicated the highly luminescent
properties.

Fig. 3 shows the crystal structures of the compounds 1, 2,
and 3, respectively. Fig. 3a–c show the crystal structure of

compound 1. In Fig. 3a, the packing between two neighbouring
molecules suggests the presence of intermolecular CH–p inter-
actions. Fig. 3b shows molecular packing from a different
projection, revealing a herringbone arrangement. Fig. 3c shows
the crystal structure projected along the ac-plane, highlighting
the uniaxial orientation of the molecular long-axis, which was
suggested to be the ideal orientation for laser media because of
the efficient stimulated emissions. Similarly, 2 exhibited CH–p
interactions, herringbone packing, and uniaxial molecular
arrangement (Fig. 3d–f). In contrast, compound 3 exhibited
intermolecular p–p stacking, as shown in Fig. 3g and h,
attributed to the fluorination on the central phenylene unit of
the DSB backbone. The images in Fig. 3 show the plausible
crystal morphology. In the case of p-conjugated molecules
showing herringbone packing, crystals grow along the direction
of CH–p interactions. Owing to the presence of two such
interaction directions, the crystals form a platelet morphology.
In addition, the p-conjugated molecules with slipped face-to-face
stacking crystallize along the directions of intermolecular p–p
stacking. To further investigate the relationship between the
fluorination position and the aggregation motif, we analysed the
crystal structures of four DSB molecules substituted with two
fluorine atoms (Fig. S9), namely 4, 5, 6, and 7, respectively
(CCDC deposition numbers: 2475422 for 4, 2475424 for 5,
2475425 for 6, and 2475426 for 7). These synthetic processes
are shown in Scheme S1. The corresponding 1H and 13C NMR
spectra are shown in Fig. S1–S8. Compound 4, fluorinated at the
central phenylene, exhibited a p-stacked aggregation motif. In
contrast, compounds 5, 6, and 7, fluorinated at the terminal
phenylene ring, exhibited CH–p aggregation motifs. These
results strongly support our proposed strategy: fluorination at
the central phenylene unit induces p-stacked packing, while
fluorination at the other position enables controlled modulation
of the aggregation. PL and PLE spectra are shown in Fig. S10.
Each crystal exhibited vibronically structured spectra, indicative
of their highly luminescent properties. In the case of solid-state
organic p-conjugated molecules with high luminescence effi-
ciency, vibronic transitions are commonly observed. In contrast,
broad PL spectra appear for the case of solids with an excimer
emission motif.

Based on the stacking manners of the molecules in crystals,
we measured the ASE spectra to evaluate their potential as
crystal laser media. Fig. 4a shows the PL spectra of compound 1
at varying excitation fluences; Iex (mJ cm�2). At Iex below
4.5 mJ cm�2, broad PL spectra with vibronic progressions
appeared. In contrast, at Iex above 4.5 mJ cm�2, sharp and
intense PL spectra appeared at 444 nm. Fig. 4b shows the
dependence of the integrated PL intensity on Iex. A superlinear
increase in intensity was observed with increasing Iex indicating
a threshold at 4.5 mJ cm�2. Thus, the crystal of compound 1
exhibited ASE. Fig. 4c presents PL spectra of compound 2 under
varying excitation fluences. At Iex below 3.1 mJ cm�2, broad
PL spectra with vibronic progressions were observed. Above
3.1 mJ cm�2, a sharp and intense emission peak appeared at
465 nm. Fig. 4d shows the integrated PL intensity as a function
of Iex, displaying a superlinear increase with a threshold atFig. 1 Schematic depiction of the design strategy used in this work.
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3.12 mJ cm�2. These results indicate that the crystal of com-
pound 2 also exhibited ASE. In contrast, the crystal of compound
3 did not show such a gain-narrowing behaviour, likely due to
reduced luminescence performance based on the p–p stacking.

To further investigate the origin of the ASE performance, PL
lifetime measurement was performed. The average PL lifetime

(tF) values were estimated to be 0.96 ns, 0.80 ns, 1.39 ns for
crystals of compounds 1, 2, and 3, respectively (Fig. S11). The
PL quantum efficiency (FPL) values in the solid-state were
reported to be 0.51, 0.48, 0.25 for crystals 1, 2, and 3,
respectively.30 Based on these values, the radiative rate con-
stants (kr) were calculated using the equation kr = FPL/tF,

Fig. 2 PL and PLE spectra measured for crystals of (a) 1, (b) 2, and (c) 3, respectively (PL: red, PLE: blue). Each graph contains their chemical structure
(scale bar: 500 mm for images of crystals 1 and 2, 200 mm for crystal 3).

Fig. 3 Crystal structures of (a)–(c) 1, (d)–(f) 2, and (g) and (h) 3, respectively.
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yielding 0.53 ns�1, 0.60 ns�1, and 0.18 ns�1 for crystals 1, 2, and
3, respectively. The significantly lower kr value of crystal 3
compared to those of crystals 1 and 2 is attributed to
excimer-like luminescence, originating from the p-stacked
aggregation motif. According to the literature, the kr value of
DSB was reported to be 0.30 ns�1.27 These results suggest that
the fluorination at the vinylene unit of DSB enhances the
luminescence performance. The results of optical characteriza-
tion are summarized in Table 1. While multiple parameters
influence the ASE behaviour, the key parameter is kr values.4

The enhanced kr values observed for crystals 1 and 2, compared
to crystal 3 and unsubstituted DSB suggest a segregated aggre-
gation motif. In the crystal structure of DSB, intermolecular
short contacts are observed between a pair of the closest
molecules. In contrast, such short contacts are absent in the
crystal structures of 1 and 2, implying that p-orbital overlap is
more effectively suppressed in these compounds. This suppres-
sion may result from the electrostatic repulsion of the

introduced fluorine atoms. Time-dependent density functional
theory (TD-DFT) calculations for crystal structures of 1, 2, and 3
are shown in Fig. S12–S14. Each result indicates the well-
overlapped HOMO–LUMO orbitals.

Experimental
Chemicals

All solvents were used as received.

Synthesis

1, 2, and 3 were synthesized following the literature.30

Crystal growth

Crystal growth of 1: 2.1 mg of molecular powder was dissolved
in 3.1 mL of dichloromethane. Then, the solvent was evapo-
rated in a fume hood at room temperature.

Crystal growth of 2: 3.2 mg of molecular powder was
dissolved in 3.2 mL of dichloromethane. Then, the solvent
was evaporated in a fume hood at room temperature.

Crystal of 3 was prepared without intended growth after the
synthesis.

Measurements

Unless otherwise noted, all the experiments were conducted at
room temperature (25 � 3 1C). Liquid-state 1H (400 MHz) and

Fig. 4 (a) PL spectra taken for a crystal of 1 measured at each Iex and (b) Iex dependence on the integrated PL intensity. (c) PL spectra taken for a crystal of
2 measured at each Iex and (d) Iex dependence on the integrated PL intensity.

Table 1 Optical properties of DSB crystals

FPL tF/ns kr/ns�1 knr/ns�1

DSB 0.53 1.76 0.30 0.27
1 0.51 0.96 0.53 0.51
2 0.48 0.80 0.60 0.65
3 0.25 1.39 0.18 0.54
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13C (100 MHz) nuclear magnetic resonance (NMR) spectra were
recorded on a JEOL ECZ400S. Chemical shifts (d) were expressed
relative to the resonances of the residual non-deuterated solvents
for 1H [CDCl3: 1H(d) = 7.26 ppm] or 1H [DMSO_d6: 1H(d) =
2.50 ppm] or 1H [Trimethylsilane: 1H(d) = 0 ppm] and 13C [CDCl3:
13C(d) = 77.16 ppm]. Absolute values of the coupling constants
were given in Hertz (Hz), regardless of their sign. Multiplicities
were abbreviated as singlet (s), doublet (d), triplet (t), and multi-
plet (m). Data collection for X-ray crystal analysis was performed
on a Rigaku/XtaLAB Synergy-S/Cu (Mo–Ka l = 0.7107 Å) diffract-
ometer. The X-ray measurement was performed at �160 1C or at
room temperature (25 1C). The structures were solved by direct
methods (SHELXT) and refined through full-matrix least-squares
techniques on F2 using SHELXL and OLEX2 crystallographic
software packages. PL and those excitation spectra were measured
on a JASCO model FP-8500 spectrophotometer. Absolute quantum
yield was obtained using Hamamatsu C9920-02. Optical micro-
scopy fluorescence images were obtained using SHIMADZU moti-
cam 1080BMH with WUBEN E19 UV 365 nm. Examination of the
ASE properties was performed using a fiber-coupled spectrometer
(HRS-300S-NI-KKAS) equipped with a CCD detector (PIXIS-256E-
KKAS), and a Nd:YAG laser (l3o = 355 nm, 45 ns pulse duration,
1 kHz repetition) as an optical excitation source.

Theoretical calculations

TD-DFT calculations were performed using the Gaussian 03
suite of programs and the B3LYP/6-31G methods. The orbital
diagrams were generated using the GaussView program.36

Conclusions

We examined the effect of fluorination on the aggregation
motif and ASE performance for the widely used solid-state
laser media; the DSB backbone. Fluorination at vinylene units
promoted intermolecular CH–p interactions, resulting in a
herringbone packing motif. In contrast, fluorination at the
central phenylene unit led to a p-stacked aggregation motif.
Crystals exhibiting herringbone packing showed larger radia-
tive rate constant kr values, while those with a p-stacked
aggregation motif exhibited smaller kr values. Fluorinated
DSB derivatives with larger kr values demonstrated ASE,
whereas the compounds with smaller kr values did not exhibit
ASE. Therefore, we successfully proposed a rational molecular
design strategy to achieve lasing by introducing substituents
into the vinylene unit.
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